n 1988, reaven and colleagues 1 described "the metabolic syndrome" as a link between insulin resistance and hypertension, dyslipidemia, type 2 diabetes, and other metabolic abnormalities associated with an increased risk of atherosclerotic cardiovascular disease 2 in adults. Recent studies suggest that the metabolic syndrome may originate in utero. 2, 3 Obesity, which is the most common cause of insulin resistance in children, 4 is also associated with dyslipidemia, 5 type 2 diabetes, 6 and long-term vascular complications. [7] [8] [9] In a sample of adolescents in the United States who were included in the third National Health and Nutrition Examination Survey (NHANES III), conducted between 1988 and 1994, the prevalence of the metabolic syndrome was 6.8 percent among overweight adolescents and 28.7 percent among obese adolescents. 10 However, these rates may underestimate the current extent of the problem, because both the magnitude and the prevalence of childhood obesity have increased in the past decade. 11 We examined the effect of different degrees of obesity in children on the prevalence of the metabolic syndrome and its relationship to insulin resistance. Because high C-reactive protein and interleukin-6 levels and low adiponectin levels are independent risk factors for atherosclerosis in obese, insulin-resistant adults, 12, 13 we also examined the relationship between childhood obesity and these putative surrogate markers of future cardiovascular disease.
study population
We studied 439 obese children and adolescents beginning in 1999. Subjects were eligible if they were healthy, were between 4 and 20 years of age, and had a body-mass index (BMI, the weight in kilograms divided by the square of the height in meters) that exceeded the 97th percentile for their age and sex. 14 Exclusion criteria were the known presence of diabetes and the use of medication that alters blood pressure or glucose or lipid metabolism. Parents provided information about race or ethnic group: 179 subjects were white (40.8 percent), 135 were black (30.8 percent), 120 were Hispanic (27.3 percent), and 5 subjects were classified as other. Twenty nonobese siblings of obese subjects (BMI, <85th percentile) and 31 overweight siblings (BMI, 85th to 97th percentile) were recruited as comparison groups. The Yale University School of Medicine human investigation committee approved the study. Written informed consent from parents and written assent from children (where appropriate) and adolescents were obtained.
procedures
The subjects consumed a diet containing at least 250 g of carbohydrates per day for three days before the study and refrained from vigorous physical activity. They were evaluated at 8 a.m., after a 12-hour, overnight fast. Their weight and height were measured, and their BMI was calculated. Blood pressure was measured three times while the subjects were seated, and the last two measurements were averaged for analysis. The physical examination included determination of the stage of puberty according to the criteria of Tanner. 15 Baseline blood samples were obtained from subjects while they were fasting, with the use of an indwelling venous line for measurement of levels of glucose, insulin, lipids, adiponectin (in the 328 most recently enrolled subjects), C-reactive protein, and interleukin-6 (in the 293 most recently enrolled subjects). An oral glucose-tolerance test was then performed with the administration of 1.75 g of glucose per kilogram of body weight (maximal dose, 75 g). 16 
definitions
The criteria we used to diagnose the metabolic syndrome were modified from those of the National Cholesterol Education Program's Adult Treatment Panel 17 and the World Health Organization. 18 Because body proportions normally change during pubertal development and may vary among persons of different races and ethnic groups, differences in waist-to-hip ratios are difficult to interpret in children. We therefore defined obesity on the basis of a threshold BMI z score of 2.0 or more, adjusted for age and sex. The subjects were then classified as moderately obese (a z score of 2.0 to 2.5) or severely obese (a z score above 2.5). Elevated systolic or diastolic blood pressure was defined as a value that exceeded the 95th percentile for age and sex. 19 Abnormalities in the fasting levels of triglycerides and high-density lipoprotein (HDL) cholesterol were adjusted for age, sex, and race or ethnic group (>95th percentile for triglycerides; <5th percentile for HDL cholesterol). 20 Impaired glucose tolerance was defined as a glucose level greater than 140 mg per deciliter (7.8 mmol per liter) but less 21 Like adults, the children and adolescents in our study were classified as having the metabolic syndrome if they met three or more of the following criteria for age and sex: they had a BMI above the 97th percentile (z score, 2.0 or more), a triglyceride level above the 95th percentile, an HDL cholesterol level below the 5th percentile, systolic or diastolic blood pressure above the 95th percentile, and impaired glucose tolerance. The degree of insulin resistance was determined with the use of a homeostatic model (homeostatic model assessment: insulin resistance). 22 Scores ordinarily range from 0 to 15, with higher scores indicating greater insulin resistance, and are calculated as the product of the fasting plasma insulin level (in microunits per milliliter) and the fasting plasma glucose level (in millimoles per liter), divided by 22.5.
biochemical analysis
Plasma glucose levels were measured with the use of the YSI 2700 STAT Analyzer (Yellow Springs Instruments), and lipid levels were measured with the use of an AutoAnalyzer (model 747-200, Roche-Hitachi). Plasma insulin and adiponectin levels were measured with the use of a radioimmunoassay (Linco Laboratories). C-reactive protein levels were measured with the use of an ultrasensitive assay (Kamiya Biomedical) (intraassay coefficient of variation, 1.24 percent; interassay coefficient of variation, 4.2 percent). Interleukin-6 levels were measured with the use of highly sensitive solid-phase enzyme-linked immunosorbent assay kits (R&D * Obese subjects with a body-mass index (BMI) converted to a z score of 2.0 to 2.5 were classified as moderately obese, and subjects with a z score of more than 2.5 were classified as severely obese. One nonobese subject, one moderately obese subject, and three severely obese subjects whose reported race or ethnic group was not white, Hispanic, or black were excluded from the analysis. CI denotes confidence interval, HDL high-density lipoprotein, LDL low-density lipoprotein, and CRP C-reactive protein.
To convert the values for glucose to millimoles per liter, multiply by 0.0005; to convert the values for insulin to picomoles per liter, multiply by 6; to convert the values for triglycerides to millimoles per liter, multiply by 0.01129; to convert the values for cholesterol to millimoles per liter, multiply by 0.02586. † P values are for trend across all weight groups (unadjusted and adjusted for sex, pubertal stage, and race and ethnic group). ‡ P=0.001 for the comparison with severely obese subjects. § P<0.001 for the comparison with severely obese subjects. ¶ P<0.001 for the comparison with severely obese subjects, P=0.03 for the comparison with lean subjects, and P<0.001 for the comparison with overweight subjects. ¿ The data for insulin resistance are based on a homeostatic model (homeostatic model assessment: insulin resistance 22 ). It is calculated as the product of the fasting plasma insulin level (in microunits per milliliter) and the fasting plasma glucose level (in millimoles per liter), divided by 22.5. Scores ordinarily range from 0 to 15, with higher scores indicating greater insulin resistance. ** P<0.001 for the comparison with white subjects and with Hispanic subjects. The data are expressed either as frequencies or as means with 95 percent confidence intervals. Distributions of continuous variables were examined for skewness and kurtosis and were logarithmically transformed, when appropriate. Geometric means are reported for insulin levels obtained from fasting subjects and for insulin resistance and triglyceride levels. Differences across weight categories, insulin-resistance categories, and racial or ethnic groups and between the sexes in the anthropometric, cardiovascular, and metabolic variables were assessed with the use of linear regression. MantelHaenszel chi-square statistics were used to evaluate trends in proportions across weight and insulin-resistance categories. Tests for departure from linear trend 23 were performed for analyses of differences in means and proportions across weight and insulin-resistance categories, with pairwise comparisons for both variables evaluated with the use of Holm's adjustment in the case of a significant departure from linearity. 24 When the few obese subjects with lean or overweight siblings who also participated in the study were excluded from the analysis, means and variances were unaltered, indicating a negligible effect of correlation between data on siblings. Thus, the data are presented without adjustment for the correlation of sibling data.
Principal-component factor analysis was used to investigate the relations among the correlated risk factors for the metabolic syndrome in 470 obese and overweight children. Extraction of the initial set of uncorrelated components was accomplished with the principal-factor method, and then orthogonal rotation of components was used to facilitate interpretation. Eight variables related to the metabolic syndrome were included in the factor analysis. The number of components retained was based on Scree plot analysis and Eigen values greater than 1 (with the components accounting for more of the total variance than any single variable). Factor loading -the product-moment correlation (a measure of linear association) between an observed variable and an underlying factor -was used to interpret the factor structure. Loadings are equivalent to Pearson correlation coefficients, with a higher loading indicating a stronger relation between a factor and an observed variable. 25 We defined factor loadings from 0.2 through 0.4 as indicating marginal correlations and loadings above 0.4 as indicating strong correlation. Multivariable logistic regression was performed to identify variables that were significantly related to the odds of having the metabolic syndrome. The results are reported as odds ratios with 95 percent confidence intervals. All analyses were performed with the use of SAS software (version 8.2, SAS Institute).
anthropometric and metabolic phenotype
Anthropometric and metabolic data are shown in Table 1 . Values for glucose, insulin, insulin resistance, triglycerides, C-reactive protein, interleukin-6, and systolic blood pressure, as well as the prevalence of impaired glucose tolerance, increased significantly with increasing obesity, whereas HDL cholesterol and adiponectin levels decreased with increasing obesity (Table 1) . Moderately and severely obese black subjects had lower triglyceride and higher HDL cholesterol levels than similar white and Hispanic subjects. The percentage of subjects with impaired glucose tolerance increased directly with the severity of obesity in subjects in all racial and ethnic groups, a trend that persisted after adjustment for sex, pubertal status, and race or ethnic group. The severity of obesity and the prevalence of the metabolic syndrome were strongly associated after adjustment for race and ethnic group (P=0.009) and for race and ethnic group and sex (P=0.03).
The overall prevalence of the metabolic syndrome was 38.7 percent in moderately obese subjects and 49.7 percent in severely obese subjects; no overweight or nonobese subject met the criteria for the metabolic syndrome. The prevalence of the metabolic syndrome in severely obese black subjects was 39 percent. When we analyzed our data according to the commonly accepted criteria of the National Cholesterol Education Program 26 (which are not specific to any race or ethnic group), the prevalence of the metabolic syndrome among severely obese black subjects was only 27 percent.
factor analysis
As shown in Table 2 and Table 3 , three factors were sufficient to explain correlations between variables -obesity and glucose metabolism, the degree of results dyslipidemia, and blood pressure. The three factors explained 58 percent of the total variance in the data (27 percent of the variance was explained by the first factor, an additional 17 percent by the second factor, and another 14 percent by the third factor). The first factor was obesity and glucose metabolism, reflecting strong correlation with the z score for the body-mass index, insulin resistance, and fasting and two-hour plasma glucose levels. The second factor was dyslipidemia, reflecting a positive correlation of insulin resistance with the triglyceride level and a negative correlation of insulin resistance with the HDL cholesterol level. The third factor was blood pressure, reflecting a positive correlation with systolic and diastolic blood pressure. When the C-reactive protein level was incorporated into the analysis (for 293 subjects), it loaded significantly only with the obesity and glucose metabolism factor.
insulin resistance
To test the effect of insulin resistance on the prevalence of the metabolic syndrome, we categorized the subjects according to three insulin-resistance categories, using the 33rd and 66th percentiles as cutoffs, and race or ethnic group, with adjustment for the degree of obesity (Fig. 1) . The prevalence of the metabolic syndrome increased significantly with increasing insulin resistance (P for trend, <0.001) after adjustment for race or ethnic background and obesity group. The prevalence was lower in black subjects than in white subjects (P<0.001) but not than in Hispanic subjects (P=0.20), and it was higher in severely obese subjects than in moderately obese subjects (P=0.03).
multiple logistic-regression analysis
For the multiple logistic-regression analysis of risk factors associated with the metabolic syndrome in overweight and obese children and adolescents, we incorporated age, sex, z score for BMI, race or ethnic group, and insulin-resistance level into the model. The overall significance of the model was P<0.001. Increasing insulin-resistance levels according to the homeostatic-model assessment were significantly related to the risk of the metabolic syndrome (odds ratio for each increase of one unit, 1.12; 95 percent confidence interval, 1.07 to 1.18). Each half-unit increase in the z score for the bodymass index (one half of 1 SD) was associated with a significant increase in the risk of the metabolic syndrome (odds ratio, 1.55; 95 percent confidence interval, 1.16 to 2.08). White subjects had a higher risk of the metabolic syndrome than black subjects (odds ratio, 2.20; 95 percent confidence interval, 1.35 to 3.59); there was no significant difference in risk between Hispanic subjects and black subjects. Girls were at lower risk for the metabolic syndrome than boys (odds ratio, 0.59; 95 percent confidence interval, 0.39 to 0.89). When the z score for the body-mass index was excluded, the odds ratios associated with each unit of increase in insulin resistance, female sex, and white race as compared with black race did not change significantly.
proinflammatory and antiinflammatory markers and insulin resistance C-reactive protein levels ( Fig. 2A ) were significantly related to the degree of obesity (P<0.001) but not to the level of insulin resistance (P=0.12). The levels tended to rise with the number of components of the metabolic syndrome in this cohort, but the trend did not reach statistical significance. Adiponectin levels decreased with increasing obesity (Table 1) . When the subjects were stratified according to obesity group and insulin-resistance category (Fig. 2B) , the adiponectin levels were significantly associated with the obesity category (P=0.04) and insulin-resistance category (P=0.005); the adiponectin levels were lowest in subjects with the highest level of insulin resistance. There was an interaction between obesity and insulin resistance, but it was not statistically significant (P=0.07). After stratification according to obesity group, the effect of insulin-resistance category was evident in the moderately obese group; subjects in the highest category of insulin resistance had significantly lower adiponectin levels than those in the middle and low categories (P=0.04 and P=0.002, respectively, with Holm's adjustment). In contrast, adiponectin levels in the severely obese group did not vary significantly according to the insulin-resistance category. Adiponectin levels were negatively correlated with C-reactive protein levels (R= ¡0.18, P=0.005).
Interleukin-6 levels rose significantly with the degree of obesity (Table 1 ) and were correlated with C-reactive protein levels (R=0.37, P<0.001) but not with the degree of insulin resistance. The relation between interleukin-6 and C-reactive protein levels persisted after adjustment for the z score for the body-mass index (R=0.29, P<0.001).
the metabolic syndrome phenotype after two years of follow-up Seventy-seven subjects underwent a second comprehensive assessment after a mean (±SD) interval of 21.5±10.5 months. Twenty-four of the 34 subjects in this group who had met the criteria for the metabolic syndrome initially met these criteria at the time of the second evaluation as well. The 10 who did not meet the criteria on follow-up were * Factor loading is the product-moment correlation (a measure of linear association) between an observed variable and an underlying factor. Strong loading was defined as a value greater than 0.4, and marginal loading as a value from 0.2 to 0.4. † The first value in the row gives the proportion of variance (the degree of spread in the data set) explained by obesity and glucose metabolism; the second value, the proportion explained by obesity and glucose metabolism plus that explained by dyslipidemia; and the third value, the proportion explained by the previous two factors plus blood pressure. among the subjects who had a lower BMI initially (z score, 2.42±0.07 vs. 2.62±0.06; P=0.06), had gained less weight (3.74±2.6 kg vs. 11.93±2.9 kg, P=0.05), and tended to have decreased insulin resistance (a reduction from 9.68±1.14 to 7.54±0.82, P=0.07). The syndrome developed over time in 16 of 43 children who did not have the metabolic syndrome at the time of the first evaluation. The baseline z score for the body-mass index in these 16 subjects was similar to that in the 10 subjects who had improvement during follow-up (2.39±0.11 and 2.42±0.07, respectively; P=0.86), yet they gained significantly more weight (16.91±4.4 kg vs.
3.74±2.6 kg, P=0.02). In eight subjects, all of whom had impaired glucose tolerance at the first evaluation, type 2 diabetes developed during follow-up.
Our findings suggest that the metabolic syndrome is far more common among children and adolescents than previously reported and that its prevalence increases directly with the degree of obesity. Moreover, each element of the syndrome worsens with increasing obesity -an association that is independent of age, sex, and pubertal status. Our study shows that, as in obese adults, 27 insulin resistance in obese children is strongly associated with specific adverse metabolic factors. C-reactive protein and interleukin-6 levels, which are putative biomarkers of inflammation and potential predictors of adverse cardiovascular outcomes, rose with the degree of obesity, whereas adiponectin levels, a biomarker of insulin sensitivity, decreased. The degree of obesity in children and adolescents has important clinical implications, because the risk of death from all causes among adults with severe obesity is twice that among moderately obese adults. 28 Data on the prevalence of severe obesity in children and adolescents do not exist, to our knowledge. Our results show a significant adverse effect of worsening obesity on each component of the metabolic syndrome, underscoring the deleterious effect of increasing BMI in this age group.
We slightly modified the criteria used to assess adults for use in defining the metabolic syndrome in children and adolescents. An increase in waist circumference is used to define central obesity in adults. Although waist circumference in children is a good predictor of visceral adiposity, 29 it may not be useful for detecting differences in body proportions that are related to puberty and variations among racial and ethnic groups, 30 and no normative values exist for children and adolescents. In studies of lean and obese adolescents, we found discussion Subjects were grouped into three categories of insulin resistance, with cutoffs at the 33rd and 66th percentiles. The BMI correlates with blood pressure better than does waist circumference and performs similarly for dyslipidemia. 31 Therefore, we chose a z score of 2.0 or more for the BMI as a criterion for the metabolic syndrome. The obese cohort was divided on the basis of the 50th percentile (a z score of 2.5) in order to classify the patients as moderately obese or severely obese. We selected impaired glucose tolerance as a criterion for the metabolic syndrome, because impaired fasting glucose (levels above 100 mg per deciliter [5.6 mmol per liter]) is rare in childhood. Blood pressure and fasting lipid levels were compared with population norms adjusted for age and sex. When black subjects and subjects belonging to other racial and ethnic groups were analyzed according to the same criteria for serum lipid levels, the prevalence of the metabolic syndrome was substantially lower than it was among the white subjects. However, when the analysis was performed with lipid thresholds specific to black subjects (who have a more favorable lipid profile than white subjects in the same age group), the prevalence of the metabolic syndrome and the effect of obesity were similar to those in the white and Hispanic subjects. Thus, the use of criteria specific to race or ethnic group for the metabolic syndrome in children appears to be warranted. The rates of prevalence of the metabolic syndrome according to our criteria were higher than the rates reported by Cook et al., 10 which may be explained in part by a greater degree of obesity in our cohort.
In adults, insulin resistance "drives" the processes underlying the metabolic syndrome. 32 When adult populations are stratified according to the degree of insulin resistance, as the children were in our study, the prevalence of the metabolic syndrome increases directly with insulin resistance. 33 Our factor analysis showed strong loading of insulin resistance to the obesity and glucose metabolism factor and moderate loading to the dyslipidemia factor, indicating a component of insulin resistance in two of three factors that account for the majority of the variance. The importance of insulin resistance in the metabolic syndrome is also supported by the results of multiple logistic-regression analysis with the use of insulin resistance as an independent factor and adjustment for the effects of other factors. These data suggest that pathophysiological mechanisms related to the metabolic syndrome in adults are already operative in childhood.
Berenson et al. reported a clustering of components of the metabolic syndrome with coronary and aortic atherosclerosis in young adults. 8 We examined the effects of childhood obesity on the C-reactive protein level, which is a biomarker of the inflammation associated with adverse cardiovascular outcomes 34, 35 and of altered glucose metabolism. 36 In our cohort, C-reactive protein levels tended to rise with increases in the z score for Panel A shows C-reactive protein levels. P<0.001 for the association with the obesity group, and P=0.12 for the association with insulin-resistance category. P=0.64 for the interaction between the obesity group and the insulin-resistance category. Panel B shows adiponectin levels. P=0.04 for the association with the obesity group, and P=0.005 for the association with the insulin-resistance category. P=0.07 for the interaction between the obesity group and the insulin-resistance category. After stratification according to the obesity group, the effect of the insulin-resistance category was evident in moderately obese subjects; those in the highest category of insulin resistance had significantly lower adiponectin levels than those in the middle and low categories (P=0.04 and P=0.002, respectively, with Holm's adjustment). the body-mass index -a finding similar to that in another pediatric sample. 37 Although these levels were at the high end of the normal range, such levels have been associated with adverse outcomes. 38 The influence of the z score for the BMI on C-reactive protein levels suggests that the degree of low-grade inflammation may increase as children become more obese. However, C-reactive protein levels did not correlate significantly with insulin resistance or with the metabolic syndrome, suggesting that an underlying inflammation may be an additional factor contributing to adverse long-term cardiovascular outcomes in this population. We also measured interleukin-6, a well-known regulator of hepatic production of C-reactive protein. Interleukin-6 levels increased with the degree of obesity. C-reactive protein and interleukin-6 levels were strongly related, even after adjustment for the degree of obesity. Adiponectin, apart from being a biomarker of insulin sensitivity, has been implicated as having an important role in preventing atheromatous plaques. In contrast to C-reactive protein levels, adiponectin levels tended to drop with increases in the z score for the BMI. Low levels of this adipocytokine have been shown to increase the risk of cardiovascular disease. 39 Both C-reactive protein and interleukin-6 showed a reciprocal trend with increasing obesity, suggesting a potentially significant effect of severe adiposity on adverse cardiovascular outcomes.
Preliminary follow-up of the subjects in the present study suggested that the metabolic syndrome phenotype persists over time and tends to progress clinically. In a relatively short period, fullblown type 2 diabetes developed in eight subjects who met the criteria for the metabolic syndrome. The development of type 2 diabetes in obese adolescents has been well documented. However, a dramatic increase in the incidence of type 2 diabetes may represent only the tip of the iceberg and may herald the emergence of an epidemic of advanced cardiovascular disease due to the synergistic effects of other components of the metabolic syndrome, as well as chronic low-grade inflammation, as obese adolescents become obese young adults.
